Dendrimers can behave as active functional materials, if they are substituted at their tail ends by azo groups. The dendrimers we developed spontaneously attach to interfaces or surfaces, providing us with a variety of functions. After describing the synthesis of dendrimers and azodendrimers, we first review functions for static uses; alignment surface for liquid crystals (LCs). Then, a major part of this review is devoted to the introduction for dynamic uses. Because of photo-induced trans-cis isomerization, the azodendrimers act as a command surface, which enables us to control LC orientation. Azodendrimer layers were formed at glass substrates, LC droplets in polymers, and surfaces of microparticles in LCs. Photo-controlled trans-and cis-forms, respectively, provide homeotropic and planar orientations of LCs. The photo-irradiation induces dewetting of dendrimer layers as well. Photo-induced orientation changes of LCs provide us with various applications and novel phenomena; photo-controlled macroscopic physical properties such as thermal transport, defect structure changes in LC colloids and LC systems with microinclusions, and even dynamics of inclusions in LCs.
Introduction
Azo molecules show photo-induced conformational changes based on trans-cis photoisomerization. The conformational changes lead to various functions such as a macroscopic d e f o r m a t i o ni np o l y m e r sc o n t a i n i n ga z og r oups [1] and a command surface for liquid crystals (LCs) providing orientation changes [2, 3] . The readers may find a lot of review articles on this topic [4] . Dendrimers have a controlled structure with a central core and welldefined branched terminals and have been an expanding research area in recent three decades [5] . We can easily imagine that dendrimers with azo chromophores (azodendrimers) in the internal structure and on peripheries are quite intriguing research aspects in material science and applications. Namely, photo-irradiation onto azodendrimers exerts not only the trans-cis conformational change of azo moiety but also the dendrimer structure, which brings about a variety of functions [6] ; switching device or data storage using Langmuir-Blodgett films of azodendrimer molecules [7] , active materials for electro-optic applications [8] , LC photo-orientation [9] , photo-controlled chirooptics [10] , and enhanced optical nonlinearity [11] . We found some additional benefits by introducing azo linkages into our dendrimers. In this chapter, we review such functions offered by azobenzene-containing dendrimers (azodendrimers). After an introduction and syntheses of azodendrimers, we describe (1) spontaneous surface modification by dendrimers for LC displays, (2) application for controlling physical parameters, (3) photo-triggered dewetting surface and its control, (4) application to memory devices using a LC showing an anchoring transition, (5) command surfaces in restricted surfaces such as LC droplets, silica microparticle surfaces, and (6) controlling surface anchoring strength for LC orientation. Through these applications, we want to emphasize the important functions, which are provided not only by dendrimers themselves but also by introducing azo groups into dendrimers.
Motivation and synthesis
Dendrimers are a kind of polymeric materials consisting of regular multi-branched structure with a specific topology. Dendrimers are known to exhibit low viscosity and good solubility comparing with linear polymers with comparable molecular weights because of less tangled molecular structures. Their molecular structures consist of core units, branched repeating units, and terminal groups. The modifications of the terminals are quite easy because the terminal functional groups are not hindered unlike the functional groups bound to the crowding main chain of linear polymers.
Introducing mesogenic groups into the terminal groups of flexible dendrimers provides the dendrimers with liquid crystalline natures [12] . Then we can expect better compatibility of the dendrimer with LCs. Such liquid crystalline dendrimers can be prepared using commercial polypropyleneimine dendrimers (PPIDs), whose chemical structure is shown in Figure 1 (a),and mesogen-carrying acrylates through the double-Michael addition to produce tertiary amine linkages, as shown in Figure 1 (b) [13] . For the latter, we can use numerous acrylates, which have been reported in many literatures, developed for the syntheses of side-chain liquid crystalline polymers. The reaction can be carried out by simply heating in THF solution at 40-50 C, but requires two or more weeks in order to prevent the reaction from stopping at the secondary amine stage, which is difficult to be removed from the final product. Once the complete Michael addition, which means the absence of the residual primary or secondary amines, can be achieved, the resulting liquid crystalline dendrimer can be purified by simple precipitation to poor solvents such as methanol or hexane, which is chosen based on the solubility of the mesogenic units.
obtained dendrimers exhibited thermotropic liquid crystalline nature. The phase transition temperatures are shown in Table 1 . Regardless of the mesogen structure, the dendrimers tend to exhibit smectic (Sm) liquid crystalline phases. In the DG-10PPF 2 O4 series, the larger generations of PPID made the smectic-isotropic transition temperature higher, but the generation (G) did not affect the liquid crystalline phase. In the D2-nPC5 series, the longer alkylene spacers tend to stabilize the SmB phase rather than the SmA phase, which influences the spontaneous alignment of the dendrimers in cells, as will be mentioned below.
Some dendrimers exhibit spontaneous homeotropic orientation between two bare glass surfaces on slow cooling (typically ΔT = À1 C/min). Figure 3 shows the polarizing optical microscope images of D2-6PC5 under crossed polarizers during slow cooling from the isotropic melt. The focal conic texture disappeared and the area of a dark field gradually expanded. The typical cross isogyre was observed in the dark field by conoscopic observation under a polarizing optical microscope. From these results, we confirmed the homeotropic orientation of D2-6PC5 between bare glass surfaces.
These orientation behaviors are strongly influenced by the mesogenic phase structure. Table 1 also lists the tendency to exhibit spontaneous homeotropic orientation together with the phase sequences. Among the D2-6X series, homeotropic orientation was observed for X = PPCN, PC5, and Azo5 as well as D2-10PPF 2 O4. These dendrimers exhibited relatively wide temperature ranges of the SmA phase. On the other hand, the mesogens, PPO1 and PPF, showed a narrow SmA temperature range and no SmA phase, respectively. The similar tendency was more clearly observed in D2-nPC5 series. D2-12PC5, whose SmA range is only 7-8 K, did not exhibit the homeotropic orientation. In contrast, D2-nPC5's with n = 3 or 6 have a wide SmA range of around 50 K, and show good spontaneous homeotropic orientation. Therefore, the spontaneous homeotropic orientation seems to be realized in mesogens with the stable SmA phase, in which mesogens can easily move within the SmA layer structure rather than in the more highly ordered SmB or SmE phases. However, D2-6BPO1 did not show homeotropic orientation, although it exhibited the stable SmA phase. Thus, the orientation might require the alkyl termini longer than four carbons like PC5, Azo5, and PPF 2 O4. The effect of the generation can be seen in DG-10PPF 2 O4 (G =1-5): the 1st and the 5th generation dendrimers did not align homeotropically. The former (G = 1) may not form well-ordered smectic structure. As for the latter (G = 5), the molecule is so large that the molecule becomes a spherical shape due to the steric repulsion between the terminal mesogens.
Application for liquid crystal alignment
The present dendrimers have an advantage for providing spontaneous LC alignment at surfaces and interfaces. In other words, no pretreatment of surfaces is necessary for obtaining good alignment. This advantage can be used for manufacturing LC displays. In this section, we introduce two applications of dendrimer molecules for LC alignment; LC displays and controlling physical parameters of LC cells.
The first issue to be discussed is how dendrimer molecules align at surfaces. Based on X-ray diffraction measurements, Li et al. [15] assigned a strong diffraction peak in a small angle region to n = 2 and concluded the periodicity corresponds to a stretched structure shown in Figure 4 (a) [15] . However, other researchers assign this peak to n = 1 [16] and the periodicity is concluded to a half the stretched molecular length. Hence, the surface structure could be Figure 4 (b) [17] or Figure 4 (c) [18] . Additional important information for the surface structure is that the surface with azodendrimers is optical second-harmonic generation (SHG) active. Figure 5 shows SHG intensity as a function of UV intensity [19] . The film is SHG active without UV irradiation. This is consistent with the models shown in Figure 4 (b) and (c). With increasing UV light intensity, SHG activity decreased. This is because the transformation to the cis-form destroys the polar orientation order. Further details are a future problem.
Conoscopic Image
at RT Figure 3 . Photomicrographs of D2-6PC5 under crossed polarizers during slow cooling from the isotropic melt (from left to right, DT = À1 C/min). A conoscopic image at room temperature is also shown on the right.
Application for liquid crystal display
LC displays are essentially driven by an electric field. Hence, photo-induced switching is not relevant in LC displays. However, to introduce the capability of spontaneous alignment of LCs at surfaces/interfaces by the present dendrimers, we cannot avoid the description of the LC display application using dendrimers with and without azo linkages (see Figure 2 ).
The most important property is spontaneous adsorption of dendrimers onto substrate surfaces, resulting in spontaneous homeotropic alignment of LCs, which makes pre-surface treatment-free or polyimide-free LC displays possible [20] . The process of LC introduction into Figure 5 . SHG intensity as a function of UV intensity [19] . Optical geometry is also shown in the figure. Copyright 2017, Royal Society of Chemistry. . Model structures of dendrimer molecules adsorbed on a surface, (a) symmetric shape [15] , (b) asymmetric shape [17] , and (c) asymmetric fan shape [18] . Copyright 2012, American Chemical Society [15] , Copyright 2015, National Academy of science [17] , and Copyright 2014, Optical Society of America [18] .
an empty cell shown in Figure 6 (a) and (b) are illustrations of the initial and final stages of the introduction of LCs containing dendrimers, respectively [21] . A corresponding texture is shown in Figure 6 (c) [22] . In the injected area (right), homeotropic alignment is realized, but in the area far from the entrance (left), planar alignment is obtained because of the lack of surface coverage by dendrimers.
The application of dendrimers to a LC display was first reported in IDW (International Display Workshop) in 2011 [20] . Since the unperturbed state is homeotropic, application is principally possible for vertical alignment (VA) mode. The main advantage is of course polyimide-free spontaneous homeotropic (vertical) alignment just by dissolving dendrimers in LCs used. Momoi et al. [20, 21, 23] used a large glass substrate with dimensions 100 mm Â 100 mm and large ITO interdigitated electrodes used for the in-plane switching (IPS) mode. The electrode with the gap of 10 μm covers a 10 mm Â 10 mm area. Figure 7 shows photographs of (a) off and (b) on states of a test cell of an LC mixture ZLI-4792 (Merck) containing 1% D2-6PC5 (see Figure 2 ) [20, 23] . The corresponding orientation change during the electro-optic switching between dark and bright is illustrated in Figure 7 (c) and (d) [24] . A polarizing microscope image and a temporal electro-optic response behavior are shown in Figure 8 [18] .
An important question for practical applications is whether this method using dendrimers is applicable for all LCs and surfaces or not. Haba et al. [18] addressed this question. They used two dendrimers (D2-6PPCN and D2-6PC5) as shown in Figure 2 ,a n dt w oL C s ;4 0 -cyano-4-npenthylbiphenyl (5CB) and a mixture ZLI-4792. Although 5CB could dissolve both dendrimers, 
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D2-6PCN was not soluble in ZLI-4792. Both D2-6PPCN/5CB and D2-6PC5/ZLI-4792 gave good homeotropic alignment in the absence of an electric field. The surface free energy of substrates was found to be another important factor for good homeotropic alignment. Examination of contact angles for various surfaces showed that hydrophilic surfaces are important for good homeotropic alignment.
Another question is a possible use of azodendrimers for planar alignment, which is necessary for the twisted nematic (TN) and IPS modes. A new dendrimer was successfully developed for this purpose [25] . It is well known as a command surface [2] that surface azobenzene layer commands the orientation change from homeotropic-to-planar by photo-isomerization of the azobenzene. A cartoon of this phenomenon in the present azodendrimer case is illustrated in Figure 9 . For the present purpose of IPS mode displays, however, there are two problems such as (1) prohibiting the relaxation to the trans-state and (2) realization of uniform planar orientation.
In order to prevent the relaxation and fix the planar orientation, we introduced a cinnamate group ( Figure 10(a) ), which is expected to dimerize and prevent the transformation of the cis-form to the trans-form. To examine the LC orientations upon photo-isomerization and relaxation, nematic LC mixture JC-5066XX (JNC, Japan) was doped with 1 wt% azodendrimer (D2-6AzoCin2). Solubility was poor and planar orientation was observed in most of the mixtures. Some of however, showed a good homeotropic orientation as shown in Figure 10 (b). Upon UV irradiation, the schlieren texture showing a planar orientation emerged, as shown in Figure 10 (c). More importantly, the planar texture remained after 72 days, as shown in Figure 10 (d). When we used D2-6Azo5 without a cinnamate group (Figure 2) , however, stable planar orientation was not obtained after terminating UV irradiation. Thus, the cinnamate group in D2-6AzoCin2 is important for a stable and sustainable planar orientation [25] . We confirmed prolonged stability after 133 days using a different LC mixture (ZLI4792) [25] . The second problem, uniform planar alignment, could be solved by using linearly polarized UV light irradiation [25] . Preferential orientation of LCs along the direction perpendicular to the polarization of UV light is well known [3] . The result is shown as photo-micrograph images under crossed polarizers subjected to a rotation of a microscope stage, as shown in Figure 11 . At angles 0 (parallel to the linear polarization of UV light), complete dark views were obtained. At 45 , bright views due to the birefringence were obtained. Thus, a uniform planar alignment was successfully obtained. Electro-optic response was confirmed to occur. The detailed examination of the electro-optic response is a future problem.
Application for controlling physical parameters
As mentioned in Section 3.1, the present dendrimer molecules are useful for aligning LCs without pretreatment of surfaces. Initially, the surfaces force LCs to align homeotropically, as mentioned in Section 3.1. If we use azodendrimers, the surface acts as a command surface; UV and VIS light irradiation commands LC molecules to make planar and homeotropic orientations, respectively, due to trans-cis photo-isomerization ( Figure 9 ). Since LCs have anisotropy, their physical parameters are also anisotropic. Namely, refractive index, dielectric constant, electric conductivity, etc. have different values depending on the direction with respect to the director. Actually, LC displays utilize the light transmittance change due to refractive index change caused by electric field-induced orientation change. We may find other applications by controlling the physical parameters using external stimuli. An electric field is one of important external stimuli, but is not always necessary. Instead, light irradiation is another useful external stimulus. Here we introduce a possible device using photo-controllable thermal diffusivity [26] .
The sample used was 4 0 -n-pentyloxybiphenyl-4-carbonitrile (5OCB) containing a small amount (0.02 wt%) of azodendrimers. The thermal diffusivity was measured by a temperature wave method [27] . Figure 12 (a) shows a temperature dependence of thermal diffusivity for a sample under UV (365 nm) light irradiation (cross), under VIS (420 nm) light irradiation (open circle), and without light irradiation (filled circle). It is natural to have a good agreement between the latter two data because of the same homeotropic alignment in both conditions. Photo-induced switching of the thermal diffusivity at 54
Ci ss h o w ni nFigure 12(b). Upon UV and VIS light irradiation, the thermal diffusivity drastically changes almost by two times. The switching speed depends on light intensity. It was found that the switching rate linearly depends on UV and VIS light intensities. Under a moderate light intensity such as 5-10 mW/cm 2 , the response time of a few tens of seconds was obtained.
Photo-triggered surface dewetting
One of the important applications of azo molecules is a surface relief grating formation, which is based on the phenomenon of photo-induced mass migration in azo-containing polymer films [28], low-molecular-mass azo compounds [29] , and even in dendron-containing compounds [30] . According to Seki et al. [31] , the mass migration in liquid crystalline azopolymers is highly sensitive to UV light compared with conventional amorphous polymer films. In this sense, the azodendrimer systems are a very attractive candidate for efficient mass migration upon UV light irradiation. For experiments [15] , quartz substrates were properly cleaned to be hydrophilic. Chloroform solution of azodendrimers was spin coated on such substrates. The samples were subjected to UV light irradiation. Figure 13 shows atomic force microscopy (AFM) images of D2-6Azo5 after UV light irradiation under different conditions. The morphological change is remarkable, exhibiting the surface dewetting and providing a number of separated domains of a few micrometers [15] . Note that a linear polymer of almost identical molecular mass showed no change under the same experimental condition. Another important condition is the hydrophobicity of the substrate. No dewetting behavior was observed under the same experimental condition when hydrophobic surfaces were used. The morphological structure depends on many factors such as UV intensity, irradiation duration, film thickness, etc. The initial flat surface started to change above UV light intensity of 150 mJ cm
À2
. First, holes grew, coalesced, and formed dome structures with increasing UV light intensity. Under UV light intensity of 400 mJ cm À2 , the dome height reached 770 nm, which was about eight times of the initial film thickness. The film thickness dependence of the morphology is shown in Figure 13 (a). With increasing the film thickness, the dome size increased and the dome density decreased. The films thicker than 100 nm did not show dewetting. Instead, some protrusions of several micrometers diameters were observed on the film surface. Patterned structure formation such as a surface relief grating is also possible using patterned UV light irradiation through photomasks. The result reflects the film thickness dependence. Namely, as shown in Figure 13 (b), hierarchical morphologies were observed in films thinner than 100 nm, but ordinary surface relief grating was formed in a film of 120 nm thick. 
Memory device
LC devices are usually fabricated as sandwich cells with different surface orientations planar, homeotropic, and hybrid orientations obtained using two planar surfaces, two homeotropic surfaces, and (planar/homeotropic) surfaces, respectively. If we can manipulate the surface orientation locally, we can make memory devices. LC displays are one of the examples, where an electric field is applied using matrix-type electrodes to change the LC orientation locally. In this case, however, the perturbed LC orientation returns back to the original one after terminating the field, since the stable orientation is guaranteed by the surface anchoring condition. Using light irradiation is another useful technique for driving devices.
We proposed a novel bistable device using an anchoring transition and a command surface [32] . This device (Figure 14(c) ) has advantages compared with devices, which use only anchoring transition (Figure 14(a) ) [33] or command surface (Figure 14(b) ) [2] . Here the anchoring transition we used was a spontaneous discontinuous orientation transition between planar and homeotropic orientations. This phenomenon was clearly observed in a commercial compound 4 0 -butyl-4-heptyl-bicyclohexyl-4-carbonitrile (CCN-47, Merck) sandwiched by glass substrates with poly[perfluoro(4-vinyloxy-1-butene)] (CYTOP, Asahi Glass) (Figure 15(a) )o n their surfaces [33] . As schematically shown in Figure 15(b) , the transmittance of the cell between crossed polarizers appears at the Isotropic (Iso)-nematic (N) transition, and suddenly drops to zero by decreasing temperature. This process is the manifestation of a discontinuous anchoring transition from planar to homeotropic alignment. On heating, the reverse change is observed at different temperatures. This means that there exists a temperature range (hatched area in Figure 15(b) ) showing bistable states, where both planar and homeotropic orientations are stable. The existence of the bistable states provides us with a bistable memory device [34].
We constructed a hybrid cell consisting of CYTOP-coated and bare glass substrates (Figure 14(c) ) and introduced a small amount (0.05 wt%) of azodendrimer molecules into the CCN-47 host [32] . In this cell, we confirmed stable performance as a memory device, as described in the following. First, the hybrid cell was cooled to room temperature. At this condition, the homeotropic orientation was realized. Then the cell was heated to a bistable temperature region, keeping the homeotropic orientation (dark view under crossed polarizers). UV light irradiation onto the cell induced the anchoring transition at the azodendrimer surface. The orientation change to a planar state propagated to the opposing surface, resulting in a bright spot. Since the anchoring transition is light-driven, the UV light intensity was very low (35 μW/mm Hence, the present hybrid device is advantageous to the devices using only the anchoring transition (Figure 14(a) ).
The advantage of the hybrid device over the device using only command surfaces (Figure 14(b) ) is clear. If we use sandwich cells with azodendrimer-attached surfaces in both sides without using CYTOP, the azodendrimers play as a command surface, that is, a homeotropic-to-planar orientation change occurs locally at the spot under UV irradiation. However, the life time of the cis (excited) state is finite, a few minutes to an hour depending on LCs (solvents) used. Hence, the planar orientation relaxes to the homeotropic orientation with time. On the contrary, the planar orientation at the CYTOP surface is very stable in the bistable temperature range. Hence after the relaxation to the trans-state at the dendrimer surface, a hybrid orientation, namely a homeotropic orientation at the dendrimer surface and a planar orientation at the CYTOP surface, is stabilized. The advantages of the present hybrid cell over cells with only CYTOP surfaces or only azodendrimer surfaces are clearly displayed in Figure 14 . In this way, azodendrimer surfaces provide us with highly photo-sensitive surface for writing in devices keeping the memory capability using the anchoring transition phenomenon.
Photo-switching of liquid crystal orientation in different geometries
The azodendrimer command surface facing to LCs makes photo-switching of LC orientation possible, as mentioned above (see Figure 9 ). This phenomenon is well known on flat substrate surfaces, which are necessary to be coated with azo molecules before fabricating cells [2] . The present azodendrimers have a characteristic feature that the azodendrimer molecules are spontaneously adsorbed at interfaces. This means that we need no pretreatment of surfaces. Moreover, the molecules can be attached at interfaces, which we cannot intentionally treat beforehand, such as liquid/liquid interfaces. Only thing we have to do is just dissolving the azodendrimer molecules into LCs before preparing samples. Four examples are introduced in the following.
Defects in liquid crystal droplets
If LC molecules are mixed with other liquid materials such as water or glycerol and stirred, LC forms droplets with different sizes (Figure 16(a) ). The formation of LC microdroplets with a Figure 16 . (a) Photomicrograph of LC droplets in water. Photomicrographs of a droplet of 5CB in (b) glycerol and (c) CYTOP [22] . If 5CB is doped with azodendrimers and is dispersed in glycerol, a radial orientation is realized like in (c). The structure changes from radial-to-bipolar by UV irradiation like in (b) [22] . Copyright 2013, John Wiley & Sons, Inc.
Azodendrimers as a Functional Material http://dx.doi.org/10.5772/intechopen.70715uniform size is one of topical fields, that is, microfluidics, which are interesting both from basic science and various applications [35] .
The studies of LC microdroplets have been conducted since long time ago [36] . The LC orientations at interfaces are fixed when background liquid is chosen: LC molecules orient tangentially at glycerol interfaces. On the other hand, in aqueous solutions and hydrophobic polymer CYTOP, LC molecules align normal to the interface. Under crossed polarizers, LC droplets in glycerol and CYTOP show a bipolar image and a dark cross, respectively, being characteristic of tangential and radial molecular orientations, respectively, as shown in Figure 16 (b) and (c) [22] . In previous studies, fixed surface conditions were used except for a work by Yamamoto et al. [37] . We introduced the azodendrimer molecules into host LCs, which provide normal orientation of LCs at droplet surfaces. In addition, planar orientation is induced by irradiating the droplet with ultraviolet (UV) light. We showed the orientation change of LCs upon UV and visible (VIS) light irradiation in three phases, nematic (N), cholesteric (Ch), and smectic A (SmA) [22] , which will be described in the following. We used 5CB for the N phase. For a cholesteric material, a chiral dopant CB15 (Merck) was added to 5CB. For smectic A (SmS) materials, 4 0 -n-octyl-4-cyanobiphenyl (8CB) was also used. The dendrimer molecules added in LC hosts were 0.1-0.3 wt% of D2-6Azo5.
In the N phase, the textures are similar to Figure 16 (b) and (c) under UV and VIS (or before UV irradiation), respectively [22] . In the Ch phase, concentric rings were observed when the sample was irradiated with UV light (Figure 17(a) ), although they are vague because of a short helical pitch. If we use a Ch LC with a longer pitch, clear concentric rings with a periodic space are observed, as shown in Figure 17 (c) . Under UV light, the surface orientation is planar (see Figure 17 . Photomicrographs of a droplet of a cholesteric LC-containing azodendrimers under (a) UV and (b) VIS light irradiation [22] . Schematic illustrations of molecular orientations corresponding to (a) and (b) are also shown on the right [22] . (c) Photomicrograph of a droplet of a cholesteric LC with a long helical pitch containing azodendrimers [22] . Concentric rings showing a helical structure with a helical axis along the radial direction are clearly seen. Copyright 2013, John Wiley & Sons, Inc.
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Figure 17(a) right), so a helical structure with the helical axis along the radial direction is formed. Since the planar surface orientation overall the droplet surface inevitably induces defect(s), at least one defect line from the center of the droplet toward the surface emerges, as clearly seen in Figure 17 (c) . The situation is more complicated under VIS light. The helical structure remains at least in the central region, which is identified by remaining concentric rings. The helical structure is disturbed from the surface region, where homeotropic orientation is achieved (see Figure 17(b) right) . Many dark lines showing defects are observed in the texture (see Figure 17 (b) left) [22] .
In the SmA phase, the deformation is serious under UV light. Since the surface orientation is homeotropic under VIS light, an onion-like smectic layer structure is formed with the director being parallel to the radial direction (Figure 18(b) ). A large extinction cross is a manifestation of the concentric SmA layer structure. Here the splay deformation of the director within each layer is allowed. The molecular orientation under UV light is complex, because the layer must be perpendicular to the surface. Since the reorientation occurs from the surface, curved smectic layers are formed in the outer region of the droplets, and are connected to concentric layer structure inside the droplets. As shown in Figure 18 (a) right, many defect lines are formed along the radial direction, and are observed as a microscope image (Figure 18(a) left) .
Droplet formations of LCs in other phases are interesting topics. Bent-shaped molecules exhibit various phases [38] . Particularly, many phases, in which reflection symmetry breaking occurs, such as the B2, B4, B7, DC (dark conglomerate), and N TB (twist-bend nematic) phases would be interesting. How does chiral segregation occur in droplets, if it occurs? Bent-shaped molecules are also useful for the study of the blue phase (BP), since they stabilize the BP and expand the temperature range. The N phase of bent-shaped molecules also show peculiar Figure 18 . Photomicrographs of a droplet of a SmA LC-containing azodendrimers under (a) UV and (b) VIS light irradiation [22] . Schematic illustrations of molecular orientations corresponding to (a) and (b) are also shown on the right [22] . Copyright 2013, John Wiley & Sons, Inc.
features unlike the conventional N phase. Apart from the bent-shaped mesogens, the relationship between photo-induced reorientation phenomena as a function of elastic constants is another interesting topic. In homeotropic orientation, a splay deformation exists. In contrast, in tangential orientation, a bend deformation is the major component. UV-induced radial-tobipolar reorientation is strongly suppressed in compounds with huge bend elastic constants compared with splay elastic constants. A compound reported in [39] is an example, in which bend elastic constant is a hundred times larger than splay elastic constants.
Defects in the vicinity of microspheres
Extensive studies have been made since late 1990s on the defect structures in the vicinity of microspheres [40] and the attractive forces between them [41] . The studies to control the microspheres and the defects around them by external stimuli have been widely made. The external fields used were an electric field [42] , laser trapping [43] , and thermal gradient [44] . As same as in LC/liquid interface mentioned above, however, the surface of microspheres is normally pretreated to have tangential or homeotropic orientation of LCs. Hence the surface orientation was fixed and no orientation changes have been studied except for the studies by Yamamoto et al. [37] . They observed photo-induced changes of topological defects around colloidal droplets dispersed in azobenzene-containing LCs. In our dendrimer case, photocontrollable interfaces can be provided just by introducing a small amount of azodendrimers into a LC host. The results are shown in [45] .
The sample used was 5CB mixed with 0.1 wt% of azodendrimers (D2-6Az05) and a small amount (volume fraction of about 2 Â 10 À4 ) of silica microparticles (about 3 μm in diameter). The sample was introduced into an empty cell of 25 μm thick with rubbing treated planar surfaces. Figure 19 shows microscope images under crossed polarizers without (a)-(c) and with (d)-(f) a waveplate inserted along the direction diagonal to the crossed polarizers [45] . From the left to right, the temporal changes before ((a) and (d)), during ((b) and (e)), and after ((c) and (f)) UV irradiation are shown. These images are consistent to the defect structures, hedgehog, boojum, and Saturn ring, shown in Figure 19(g)-(i) , respectively. Before UV irradiation (g), azodendrimers at surfaces are in a trans-state, providing a homeotropic orientation. During UV irradiation (h), trans-to-cis photo-isomerization leads to a planar (tangential) orientation. Once the azodendrimers at the surface relax to a trans-state, a homeotropic surface is realized. Then, the symmetric boojum structure never returns back to the asymmetric hedgehog structure, but to the symmetric Saturn ring structure. Hence, only the transformations between the boojum and the Saturn ring occur by the subsequent UV light on/off. The response time upon light irradiation is dependent on the UV light intensity and is quite fast under high intensity UV irradiation, as shown in Figure 20 [45] . The response is nearly exponential (Figure 20(a) inset) . All processes complete within a one video frame (66 ms). Interestingly, the square of the switching rate is proportional to UV intensity (Figure 20(b) ).
Let us consider the UV light intensity dependence of the response time assuming a two-level model (Figure 21) . Here, k tc and k ct are the transition coefficients from trans-to-cis by UV light and from cis-to-trans by VIS light, respectively. k r is a relaxation rate. The rate equation is given by.
. Here, n t and n c are numbers of trans and cis molecules, n is a total number of molecules (n = n t + n c ), and I UV/VIS are UV/VIS light intensity. By neglecting the second (no VIS irradiation) and third (very long relaxation time) terms, we obtain. 
The exponential change shown in the inset of Figure 20 (a) is reasonable. By using Eqs. (1) and (2) with k r = 0, we obtain.
The switching rate (1/τ) is proportional to the UV light intensity I UV . Experimentally, however, (1/τ) 2 is proportional to I UV . The discrepancy may be attributed to the assumption I VIS = 0 used.
Actually, the experiments were made under VIS light from an optical microscope lump, which always induced the cis-to-trans transition.
Defects in the vicinity of microrods
The studies of microrods in LCs are much minor [46] . Here we first describe the defect structures around a microrod and their photo-induced changes [17] . Silica microrods used have their length of 10-20 μm and their diameter of 1.5 μm. Figure 22 shows micrographs of a microrod in a homeotropically aligned LC cell and the director map around the rod. The background under crossed polarizers is dark because of the homeotropic alignment of LCs Figure 21 . Two-level model for photoisomerization process. Side views before and after UV irradiation are shown in (e) and (f), respectively (SI in [17] ).
Dendrimers -Fundamentals and Applications
( Figure 22(a) ). The regions, where LC molecules orient along nearly 45 with respect to the polarizers, are brightest because of birefringence. The insertion of a waveplate gives a blue color at the sides of the rod and an orange color at the edges of the rod, being consistent with the director map shown in Figure 22 (d). Figure 22 (e) is another view of the molecular orientation structure, where two defect lines perpendicular to the image plane (along the rod) are shown as dots.
Upon UV light irradiation, the blue color becomes lighter, but the blue and orange colors themselves do not change. This means that the LC molecules (director) do not orient along the long axis of the rod, but align tangentially perpendicular to the long axis, as shown in Figure 22 (f). In this situation, the slow and fast axes of the index ellipsoid do not change but the birefringence becomes smaller, being consistent with the microscope image (Figure 22(c) ) and the molecular orientation structure (Figure 22(f) ).
Next, let us describe the results in cells with planar surfaces [17] . Although the free energy does not depend on the orientation of a microrod sitting parallel to the surfaces in homeotropic cells, it does in planar cells, because the elastic energy of LCs and the energy of defects around the rod depend on how the rod orients with respect to the director. Figure 23 shows the distribution of the rod orientation observed. Two distribution peaks can be seen at 0 and 60 . Full understanding of this distribution is not easy because of the difficulty particularly of the energy estimation of the defect structures. Figure 24 shows the orientation field of the director around a microrod; (a) and (c) before UV irradiation and (b) and (d) under UV irradiation, where directors are perpendicular and parallel to the rod, respectively. The director orientations are visualized by green and yellow colors in the images seen with a waveplate, which are the same color as observed experimentally (see the actual microscope images at left top in each subfigure). Under UV irradiation (Figure 24(b) and (d) ), the director changes the orientation to be parallel to the rod. In Figure 24(b) , where the microrod is almost parallel to the director, the director deformation is localized only at the edge of the rod, so that no color appears, as actually observed experimentally. If the rod Figure 23 . Angular distribution of rod orientation with respect to a rubbing direction (SI in [17] ).
Azodendrimers as a Functional Material http://dx.doi.org/10.5772/intechopen.70715tilts from the director by 45 ( Figure 24 (c) and (d)), the director orientation in the vicinity of the rod changes from perpendicular to parallel with respect to the waveplate. Then, a color change from yellow to green occurs, as shown in Figure 24 (b) and (d). At the edges of the rod, an opposite color change occurs.
Such observations are possible when microrods are somehow fixed at surfaces. When rods are free from surfaces, additional dynamic motions are observed, which are the topics in the next section. Figure 25 shows three different dynamic motions of microrods in LCs by UV irradiation [17] . When microrods are parallel to the director, we often observe a lateral motion of the microrods along the director as shown in Figure 25 (a) and (b). In the other case, the microrod motion appears as its length change (Figure 25(c) and (d) ). This is the result of the rotation of the microrod about its short axis parallel to the surface. The most distinguished motion is observed when rods orient to the direction with finite angles to the director, that is, microrod rotation about its short axis within a plane parallel to the surface (Figure 25 (e) and (f)). The rod returns back to the original direction when UV light is turned off. Thus, the microrods make a seesaw motion by repeated UV light on/off. Figure 26(a) , where the angle between the microrod long axis and the director is plotted as a function of time. The rod tends to rotate to the direction parallel to the director (0 ) under UV irradiation. When the UV light is terminated, the rod tends to rotate back to the original direction. The rotation speed (response time) is faster and the rotation angle becomes larger with increasing UV light intensity, as shown in Figure 26(b) . The solid line in Figure 26(b) is the best theoretical fit. The switching angle and the switching rate (inverse switching time) are shown as a function of UV intensity in Figure 27 . With increasing UV light intensity, the rotation angle becomes larger and the switching time becomes faster. As will be discussed in Section 7, the anchoring energy W a sin 2 θ depends on n t /n c ; the anchoring strength W a =+ ∞ when all azodendrimers are in the transform, W a = À∞ when all azodendrimers are in the cis-form, and W a = 0 for n t = n c . At zero I UV , W a =+ ∞. With increasing I UV , W a becomes negative, then the director rotation starts to occur. When the absolute value of W a is small, the rotational torque is not efficiently transferred to the microrod. Hence the rotation speed is low. With increasing I UV ,|W a | becomes larger and the torque is efficiently transferred to the rod, resulting in faster rotation.
Dynamic motions of microrods

The temporal rotation behavior is shown in
Important difference to the command surface is no use of polarized UV light. In the command surface, linearly polarized UV light irradiation forces the azo linkage to align perpendicular to the polarization direction [3] . On the contrary, linear polarization is not necessary in the present case. However, preferential bending direction in the cis-form is automatically chosen by the director field near the surfaces over which azodendrimers cover. Qualitative explanations for the translational and seesaw motions are illustrated in Figure 28(a) and (b) , respectively. For microrods to make a translational movement, the director field including defect structures must be asymmetric as shown in Figure 28 (a). In this case, it is expected that azo groups spontaneously bend (tilt) to a left-hand side upon UV irradiation. This motion forces LC molecules to rotate counterclockwise and clockwise at the upper and lower sides, respectively (1, 2, 3, and 4 in Figure 28(a) ). The microrod is subjected to an external torque by this rotational motion, resulting in the translational motion to the right.
When the rod is tilted from the director field (Figure 28(b) ), the director field is oppositely bends at both sides of the rod by UV light, so that the azo groups bend to opposite directions at both sides of the rod, resulting in clockwise rotation of LC molecules. The subsequent torque leads to the rotation of the rod toward the direction parallel to the director. When the UV light is terminated, the rod rotates back to the original orientation shown in Figure 28 (b).
Quantitative analysis of the switching behavior was made using a two-dimensional finite element method. With one-constant approximation of elastic constants K, azimuthal angle u of the director field is given by. Figure 28 . Cartoons showing the mechanisms of (a) the lateral motion and (b) the seesaw motion of microrods. Arrows indicate the bending direction in the cis state of azo groups [17] . The numbers from 1 to 4 in small blue rods show the rotation sequence of the directors in the vicinity of the microrods. Green arrows indicate the motion of the microrods by the torques exerted by the director rotations (red arrows) [17] . Copyright 2015, National Academy of Science.
where γ is a rotational viscosity coefficient. The switching behavior can be obtained by solving
under an initial and boundary conditions. Here u 0 is the azimuthal angle of the director at the boundary. The results are shown in Figure 29 ; (a) the initial state of the director field and (b) switching rate (inverse switching speed) as a function of the absolute value of the anchoring strength. Figure 29 (b) corresponds to Figure 27 (b), since the anchoring strength is directly related to the UV light intensity under a certain VIS light intensity (see Section 7).
Controlling surface anchoring strength
As mentioned in Section 6.4, the orientation change due to the command surface is considered to be the result of the change in the anchoring strength W a depending on n t and n c ratio. Here we describe more quantitative discussion together with the experimental results of W a as a function of the ratio of UV and VIS light intensities [19] . In the precedent section, we only paid attention to the UV light intensity I UV , but neglected the effect of VIS intensity I VIS . Careful experiment, however, indicates that the surface anchoring condition is governed both by I UV and I VIS , as shown in Figure 30 ; homeotropic alignment is realized when I VIS is strong and I UV is week, and planar alignment is realized in the opposite situation. The order parameter obtained by anisotropic infrared absorption of the C N peak shows the variation from positive to negative with increasing I UV under a certain I VIS light irradiation [19] .
The anchoring strength W a can be obtained by determining an extrapolation length ξ using the Freedericksz transition method in appropriate cell geometries. Figure 29 . Simulation results of (a) a director map and (b) a switching rate as a function of anchoring strength. Since the anchoring strength is equivalent to the ratio of UV and VIS light intensities (see Section 7), (b) can be compared with Figure 6 -14(b) under a constant VIS intensity with a sufficient agreement (SI in [17] ).
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Here K is the elastic constant corresponding to the electric-induced director deformation. The obtained ξ and W a are shown in Figure 31 .
For the analysis of Eq. (1), we neglected the third term, that is, thermal relaxation from cis-to-trans, but properly took into account the second term, then we obtain the I UV /I VIS -dependent stationary values of cis and trans isomer populations, n c0 and n t0 ,respectively:
Considering that W a is +∞ and -∞, when all azodendrimers are trans and cis, respectively, and assuming W a = 0, when n t = n c , we can empirically write W a as.
W a ¼ κn n t À n c n t n c , [19] . Copyright 2017, Royal Society of Chemistry.
Dendrimers -Fundamentals and Applications
where κ is a scaling factor. Using Eqs. (6)- (9), we obtain 
with η = k tc I UV /k ct I VIS . Since η is directly related to the experimental parameter I UV /I VIS , ξ vs. I UV /I VIS in Figure 31 can be fitted by Eq. (11), as shown by a solid curve in Figure 31(a) . Thus, the director switching by photo-isomerization of azo molecules at surfaces is ascribed to the change of the anchoring strength at surfaces.
Summary
We introduced various functions given by azodendrimers. First, we summarized dendrimer molecules with mesogenic groups synthesized and their mesogenic phase sequences. Some of them have a strong tendency to align themselves to homeotropic orientation. As a function for static use, we described the use for LC display applications. Spontaneous homeotropic orientation is achieved just by doping LCs with a small amount of dendrimers without pre-surface treatment. This technique can be used not only for the VA mode but also for the IPS mode, if azo linkages are introduced to the dendrimers and photo treatment is applied using linear polarized light. We can find much more functions, if dendrimers are substituted at their tail ends by azo groups. The property of spontaneous adsorption of dendrimers onto a variety of surfaces and interfaces is very important, as exemplified in LC colloidal systems and LC systems with micro inclusions, which are the main topics of this review. Because of photoinduced trans-cis isomerization, the azodendrimers act as a command surface, which enables us to control LC orientation. Azodendrimers can be attached to form layers at a variety of surfaces and interfaces, that is, glass substrates, LC droplets in polymers, and surfaces of microparticles in LCs. Photo-controlled trans-and cis-forms, respectively, provide homeotropic and planar orientations of LCs. The photo-irradiation triggers azodendrimers transport (dewetting) and orientation changes, resulting in various changes; macroscopically physical properties such as thermal transport, microscopically orientational defect structure changes, and even dynamics of inclusions in LCs.
